Imaging drug distribution inside a tumor is an important tool to support strategies to improve penetration of anticancer drugs and consequently the outcome of chemotherapy. Methods for mapping the distribution of pharmaceutical compounds and their metabolites in situ are of great interest to researchers and to the pharmaceutical industry. There is a particular interest in the distribution of anti-cancer agents within solid tumors. Direct assessment of the distribution of drugs in tumor tissue is technically challenging, and requires the quantification of drug exposure to cells at specific locations relative to blood vessels. The quantification of drugs in plasma, as well as in tissue homogenates, has relied extensively on well-established analytical methods of high-performance liquid chromatography (HPLC) and liquid chromatography-tandem mass spectrometry (LC-MS-MS). In the last 20 years, imaging techniques such as positron emission tomography (PET), magnetic resonance spectroscopy (MRS), mass spectrometry imaging (MSI), fluorescence microscopy (FM), and autoradiography have evolved as powerful tools for the noninvasive study of drug distribution in vivo as well as for studying drug effects at their target sites. In this article, we review the current state of knowledge of the available imaging techniques to measure intratumor drug distribution.
INTRODUCTION INTRODUCTION
For many drugs the information on plasma pharmacokinetic (PK) is essential to allow rational and effective administration. It is assumed that the drug concentration in plasma is in equilibrium with the drug concentration in tissues, and thus it is a good predictor of the drug present at the site of action. For anticancer agents the relationship between drug concentration in plasma and in neoplastic tissues, that is, primary tumor and metastases, is more complex since tumors are often poorly and irregularly vascularized and are macroscopically and micro- scopically highly heterogeneous. A complete knowledge of drug tissue distribution is essential in new drug development and it is vital to permit interpretation of pharmacological effects. Most PK studies on anticancer drugs have been performed by determining the concentration of the drug and its metabolites in plasma as a function of time after administration in order to define the volume of distribution, half-life, and clearance. These parameters are important for determining the PK features of a drug, and they can be essential in guiding the choice of the most appropriate dosage schedule and route of administration. However, drug plasma concentrations are not necessarily predictive of concentrations achieved in the tumor. In the clinical literature, few papers have examined the correlation between plasma levels of a drug and its concentrations in the tumor. Practical and ethical reasons explain why such important studies have only seldom been performed. The lack of noninvasive techniques easily applicable to determine intratumor levels of the drug is an obstacle in these studies. In some cases, tumor biopsies may be available, but they are generally limited to a single time interval after treatment and do not allow procurement of kinetic data. Some studies have been performed in the neo-adjuvant chemotherapy setting in which patients are treated with several courses before surgery, and tumor tissues, excised during surgery or endoscopic biopsy, can be used to determine drug distribution. However, in most cases the administration of anticancer agents a few hours before tumor excision is not feasible because of potential postsurgical complications, which explains why most available data on tumor drug distribution have been obtained only in preclinical models.
Imaging Techniques for Evaluation of Drug Distribution in Solid Tumor
The quantification of drugs in plasma, as well as in tissue homogenates, has relied extensively on wellestablished analytical methods of high-performance liquid chromatography (HPLC) and liquid chromatography-tandem mass spectrometry (LC-MS-MS). In the last 20 years, imaging techniques such as positron emission tomography (PET), magnetic resonance spectroscopy (MRS), mass spectrometry imaging (MSI), fluorescence microscopy (FM), and autoradiography have evolved as powerful tools for the noninvasive study of drug distribution in vivo. Although these techniques were initially introduced to clinical medicine for diagnostic purposes and for the study of tissue metabolism and blood flow (1), they also opened a unique opportunity for PK research by providing a means for noninvasive measurement of drug distribution from the plasma compartment to anatomically defined regions and for the visualization of the entire pattern of drug distribution in given organs (2) .
In this article, we review the current state of knowledge of the available imaging techniques to measure intratumor drug distribution.
POSITRON EMISSION TOMOGRAPHY POSITRON EMISSION TOMOGRAPHY (PET) (PET)
In clinical practice, PET is an important nuclear imaging technique for diagnosis, staging, and response monitoring of cancer ( F is the most attractive PET radioisotope, since it allows for imaging durations of up to 10 hours. A considerable drawback, however, is that relatively few drug molecules contain fluorine in their native structure; consequently, despite the rather short t1/2 of 11 C (20.4 minutes), the majority of PET/PK experiments have relied on 11 C-labeled tracer molecules. PK studies using PET might aid in determining intratumoral drug exposure (4) . PET detects radiation emitted by radioisotopes in tissue and was applied to study the tumor distribution of some anticancer drugs such as 18 F-fluorouracil, 18 F-paclitaxel, 11 C-carmustine, 18 F-tamoxifen, and 11 C-temozolomide (5). It has been shown that PET analysis of radiolabeled anticancer drugs can reveal important information about the distribution of these drugs in patients. For 11 C-temozolomide, a study showed its good distribution in brain tumor, consistent with its antitumor activity against glioblastoma (6). 18 F-fluorouracil is the most common anticancer drug studied with PET. This is because of the ease of 18 F-fluorouracil synthesis and the favorable half-life of fluorine (7). 18 F-fluorouracil PET studies can give important information about 18 F-fluorouracil biodistribution in tumor and normal tissue (8) . A study with 18 F-paclitaxel (9) examined the effect of P-gp blockers on paclitaxel biodistribution, while the bio-distribution, bioclearance, and in vivo transformation of 13 N-cisplatin have also been studied with PET (10) . Tumor uptake of 18 F-tamoxifen has been studied by PET. The 18 F-tamoxifen uptake in tumors with good responses was significantly higher than in those with poor responses (11) . Tumor uptake of 11 C-1,3-bis-(2-chloroethyl)-1-nitrosourea (BCNU) was compared between i.v. and intra-arterial administration by means of PET measurements. It appeared that intra-arterial administration of 11 C BCNU resulted in 50 times higher intratumoral concentrations (12) . Fourteen patients scheduled for fluorouracil chemotherapy received a PET scan with 18 F-fluorouracil as a tracer prior to the initiation of chemotherapy. Patients with a high uptake of the radiolabeled drug were more likely to achieve disease stabilization and a longer survival time (13) .
PET has also proven to be a valuable noninvasive means for characterizing established and novel anticancer agents (8) . Using PET imaging, it was demonstrated that radioactivity uptake was correlated with response to chemotherapy (13) . Using PET imaging, the postulated mechanisms of a newer antineoplastic agent, temozolomide, were recently confirmed in vivo in glioma patients (14) .
PET using radiolabeled drugs is a promising method to further understand the clinical behavior of anticancer agents. In addition, it may contribute to better guided treatment planning in individual patients with cancer. This technique has several limitations: not every molecule can be labeled and consequently visualized, and the drug and its metabolites cannot be distinguished from one another (4). Furthermore, PET studies are costly because of the need of on-site access to a cyclotron, involvement of radiochemistry, and the need for a PET camera (5).
MAGNETIC RESONANCE SPECTROSCOPY MAGNETIC RESONANCE SPECTROSCOPY (MRS) (MRS)
Magnetic resonance imaging (MRI) uses radiofrequency pulses and magnetic fields to obtain signals from changes in nuclear magnetic moments. A technique based on the same principle as MRI, but providing a greater degree of molecular characterization is MRS, in which spectroscopic profiles of the chemical constituents within a sample are obtained (15) . MRS measurements can be performed serially, thus giving the possibility of PK analysis with a temporal resolution in the order of minutes. Of importance, MRS is capable of resolving different chemical species including metabolites owing to different chemical shifts of the resonance signals. This poses a considerable advantage over nuclear imaging methods such as PET, which record nuclear decay events irrespective of the chemical surrounding of the decaying atom and therefore lump together all compounds labeled with the same radioactive atom. A main limitation of all nuclear MR-based methods is their inherent low sensitivity, which restricts the in vivo applicability mainly to molecules that are present in large concentrations in the human body. MRI has proven to be particularly feasible for fluorinated drugs. Several studies have been published describing brain PK of fluorinated psychiatric medications (16) , tumor uptake of anticancer chemotherapeutics, or biodistribution and target tissue PK of fluorinated antibiotics (17, 18) .
MASS SPECTROMETRY IMAGING (MSI) MASS SPECTROMETRY IMAGING (MSI)
MSI is an emerging technique that enables visualization of every molecule in a two-dimensional space directly in biological tissues (19) . MSI recognizes the compound of interest on the basis of its molecular mass and fragmentation pattern, without the need to label the analyte, enabling the detection of parent compound and metabolites simultaneously. MSI links molecular information and the spatial distribution of analytes within a sample. In contrast to most histochemical techniques, MSI can differentiate molecular modifications and does not require labeling of targeted compounds. It is possible to visualize the distribution of biomarkers related to tumor heterogeneity, histotype, or therapeutic response (20) . The maximum spatial resolution of this technique is between 20 and 100 μm, depending on the ion source, the chosen matrix, the diameter of the focus laser spot, and even sample characteristics. MSI data can be easily combined with histochemical data because the same samples analyzed by MSI can undergo histological staining. This new technique, providing spatial molecular information in tumor microenvironments, is promising because it permits the correlation of drug concentrations with the histological and molecular features of the tumor tissue. MSI has some advantages in comparison to other imaging techniques, that is, whole body autoradiography, PET or microscopy imaging. It is a label-free technique with better specificity and provides the possibility to combine histological data with MS ones and to visualize simultaneously the distribution of biomarkers in relation to tumor heterogeneity.
MSI is used in a broad range of applications. The vast majority of studies are focusing on tissue originating from animal models or on human clinical tissue originating from surgical interventions. The targeted (27) and ovarian cancer (28) .
Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI) is a promising technology to determine drug distribution and penetration in solid tumors (29) . However, thus far only a few papers have addressed this issue (30) . The first reported examination using imaging MALDI-MSI of the distribution of a pharmaceutical compound in animal tissue, was carried out by Caprioli's group in 2003, where the distribution of anti-tumor drugs in mouse tumor tissue as well as in rat brain were described (31) . Subsequent studies have been carried out to map a range of compounds in a number of different biological tissues (22, 32 ). Caprioli's group was also able to generate images of the antitumor drug imatinib in a mouse brain glioma using ultra high resolution matrix-assisted laser desorption ionization-Fourier transform ion cyclotron resonance (MALDI-FTICR) (33). Atkinson et al. reported the successful detection of the alkylaminoanthraquinone AQ4N (banoxatrone) in tumor xenografts by MALDI-MSI (34) . The distribution of the multiple-receptor tyrosine kinase inhibitor AEE788 in rodent prostate cancer models was analyzed by MALDI-MSI (35) . The tyrosine kinase inhibitors erlotinib and gefitinib have been analyzed, after depositing single droplets of drugs on tissue slices of planocellular lung carcinoma, adeno-carcinoma and large cell lung carcinoma (36) (37) (38) . Yasunaga et al. (39) showed that paclitaxel-incorporating micelles deliver more paclitaxel to the tumor and less paclitaxel to normal tissue, as compared with treatment with paclitaxel alone. A simple and reproducible protocol for MALDI-MSI was described to visualize the different distribution of paclitaxel in tumor and normal tissues, related to the dosage schedules and pathological features of the tumors (40).
Yasunaga et al. (39) describing the precise distribution of a drug delivery system drug by MALDI-MSI. They successfully visualized and quantified the distribution of a non-radiolabeled and nonchemically modified drug in various frozen tissue slices microscopically. Their results indicated that the MALDI-IMS technique can be applied to clinical biopsy specimens or surgically resected tissues after neo-adjuvant chemotherapy. In addition, the data obtained by MALDI-IMS can be utilized to facilitate drug design. However this approach has some limitations: it is applicable only to molecules that are ionizable by the MSI process; the interpretation of quantitative data is often complex, especially because of the ion suppression effect and chemical noise from the matrix ions covering the drug ion signal; the sensitivity is quite limited as compared with autoradiography (41) .
FLUORESCENCE MICROSCOPY (FM) FLUORESCENCE MICROSCOPY (FM)
FM has probably given the best information about tissue distribution, thanks to its high sensitivity and spatial resolution (200-300 nm). However, it is based on intrinsic fluorescent properties of the drug under analysis and therefore its application is limited to autofluorescent molecules such as topoisomerase inhibitors (42) . In preclinical study, the distribution of doxorubicin, mitoxantrone, and topotecan was analyzed by FM at 10 min after administration in tumor-grafted mice. The authors concluded that the compounds are limited to perivascular regions (~25-75 μm) (43) . In clinical study, doxorubicin gradients in the tumors from clinical samples were detected by computerized FM on cryosections (44) .
AUTORADIOGRAPHY AUTORADIOGRAPHY
The technique of autoradiography is usually divided into whole-body autoradiography (WBA) and microautoradiography. WBA quantitatively analyzes the distribution of a radioactive substance in the different organs of an entire animal carcass that is sliced into thin cryosections. It has several limitations, such as cost and lack of specificity, because this technique cannot distinguish the drug from its metabolites. Moreover, thickness of sections used for WBA causes superimposition of several cellular and tissue structures, leading to resolution pitfalls and misinterpretation of data (45) . In preclinical studies, WBA was applied for studying drug distribution of many chemotherapeutics such as 3H-camptothecin, nimustine, methotrexate, and 5-fluorouracil in brain and tumor tissues of animal models (41) . Due to its limited spatial resolution (200 μm), WBA is not particularly suitable for investigating intratumor drug distribution. By contrast, microautoradiography is a highresolution tool that is used to obtain spatial localization information of radiolabel drugs at the tissue and cellular levels. The same microscope slides used for microautoradiography can be processed using conventional histological staining protocols (41) . Microautoradiography was applied to visualize the tumor distribution of 3H-taxanes (paclitaxel and docetaxel), showing that drug accumula-tion is limited to the first 100 μm of tissue away from vessels in human xenograft tumor (46) .
Autoradiography is the standard methodology for imaging pharmaceutical distribution. This technique provides high sensitivity and good image resolution, but does not permit the distinguishing of drug and metabolites. The cost and timescale involved in generating images is also an issue, i.e. a radiolabeled analog of the pharmaceutical under study needs to be synthesized.
CONCLUSION CONCLUSION
Imaging techniques to investigate drug distribution include MRS, PET, MD, autoradiography, FM, and MSI. MRS, PET, and MD can be applied to monitor drug distribution in organs and tissues in the living body in real time. These techniques generally do not efficiently distinguish differential distribution of drugs inside tumor tissue, thus neglecting its heterogeneity and irregular perfusion because of insufficient spatial resolution or technical shortcomings. MRS and PET are noninvasive but do not produce quantitative data, whereas MD provides information about drug concentration in tissue in a semi-invasive way. Autoradiography, FM, and MSI achieve a sufficient spatial resolution to analyze the distribution of drugs inside specific tissues of interest in relation to the pathophysiological structure evaluated by traditional histological techniques. All these techniques have key strengths and limitations, and should be applied in a complementary fashion depending on need.
